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Programmed cell death (PCD) is very much a part of plant life, although the underlying mechanisms are not so well understood as in
animals. In animal cells, the voltage-dependent anion channel (VDAC), a major mitochondrial outer membrane transporter, plays an
important role in apoptosis by participating in the release of intermembrane space proteins. To characterize plant PCD pathways by
investigating the function of putative components in a mammalian apoptotic context, we have overexpressed a rice VDAC (osVDAC4) in the
Jurkat T-cell line. Overexpression of osVDAC4 induces apoptosis, which can be blocked by Bcl-2 and the VDAC inhibitor DIDS. Modifying
endogenous VDAC function by DIDS and hexokinase II (HxKII) in Jurkat cells inhibits mitochondria-mediated apoptotic pathways. Finally,
we show that DIDS also abrogates heat-induced PCD in cucumber cotyledons. Our data suggest that VDAC is a conserved mitochondrial
element of the death machinery in both plant and animal cells.
D 2003 Elsevier B.V. All rights reserved.Keywords: Programmed cell death; Apoptosis; Mitochondrion; Permeability transition pore complex; Voltage-dependent anion channel1. Introduction
Programmed cell death (PCD) or apoptosis is an evo-
lutionarily conserved physiological process, which is im-
portant for normal development, maintenance of
homeostasis and removal of unwanted cells in metazoans
[1]. In mammalian cells, apoptosis may be initiated via
transmembrane receptors that belong to the TNF receptor
family or by events involving the mitochondrion [2].
Apoptotic signals from various stimuli converge on the
mitochondrion, affecting permeability of mitochondrial
membranes, leading to the release of mitochondrial inter-
membrane space proteins [3]. In many instances these
proteins go on to activate downstream signaling events
and culminate in the activation of caspases [4]. The signal
integration function of the mitochondrion is regulated by
Bcl-2 family proteins [5]. The Bcl-2 family, which com-0167-4889/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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principally by regulating the permeability of mitochondrial
membranes [6].
The voltage-dependent anion channel (VDAC), also
known as mitochondrial porin, is a major outer mitochon-
drial membrane (OMM) protein. VDAC has been found in
all eukaryotic species and its properties are highly con-
served [7]. VDAC mediates the transport of metabolites,
like ATP and ADP, between the cytosol and mitochondria
across the OMM. At points of apposition of the outer and
inner mitochondrial membranes, VDAC along with the
adenine nucleotide translocator (ANT), cyclophilin D and
other proteins, forms a complex called the permeability
transition pore complex (PTPC) [8,9]. Certain apoptotic
stimuli trigger permeability transition pore (PTP) formation
leading to loss of mitochondrial inner membrane potential,
osmotic swelling of mitochondria and consequent disrup-
tion of the OMM, thereby releasing intermembrane space
proteins like cytochrome c [3]. Some of these released
proteins go on to participate in the activation of caspases
[10,11], while others modulate caspase activity [11] and
still others can cause nuclear damage in a caspase-inde-
pendent manner [12]. Bcl-2 family proteins are thought to
be involved in regulating the function of the PTPC. The
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gated by blocking VDAC or ANT or by preventing the
formation of PTPC.
Although the apoptotic signal-transduction pathway
downstream from mitochondria is relatively clear, the
precise mechanisms by which apoptotic signals are trans-
mitted to the mitochondria have not been clearly under-
stood. VDAC is a critical player in the release of
apoptogenic proteins from mitochondria induced by a
variety of stimuli in mammalian cells and in yeast.
Tsujimoto and co-workers have reported direct interaction
of VDAC with Bcl-2 family proteins like Bax, Bim and
Bcl-xL in isolated mitochondria and in reconstituted mem-
brane systems. The pore conductance of VDAC is in-
creased in the presence of Bax in artificial membranes and
this increase is blocked by Bcl-xL [13]. Bax and Bim
interact with VDAC and lead to the release of cytochrome
c, whereas Bcl-xL blocks this release [14,15]. Further, the
release of cytochrome c induced by Bax and Bim is
inhibited by antibodies that block VDAC [15,16]. Cyto-
chrome c release induced by superoxide radicals in
mammalian cells can be blocked by anti-VDAC antibodies
as well as the VDAC inhibitor 4,4V-diisothiocyanostilbene-
2,2V-disulfonic acid (DIDS) [17]. Taken together, these
results indicate that the regulation of VDAC by cellular
factors, including Bcl-2 family proteins, can be a crucial
factor in inducing release of apoptogenic proteins from
mitochondria.
As in animals, PCD is indispensable for the integral
development and maintenance of various tissues and
organs in multicellular plant species [18,19]. PCD in plant
cells can be triggered by a range of diverse stimuli and
abiotic stress [20], withdrawal of signaling molecules and
by pathogen infection [18]. Although sequence homo-
logues of caspases and Bcl-2 family proteins are absent
in plants, dying plant cells often share some features with
apoptotic animal cells. These include appearance of cyto-
chrome c in the cytosol[21,22], mitochondrial permeability
transition [23], activation of caspase like proteases [24],
cellular and nuclear condensation and internucleosomal
fragmentation of nuclear DNA [25]. In heterologous ex-
pression studies, Bcl-2 family proteins appear to regulate
plant PCD in a manner similar to mammalian cells [26,27].
Mitochondrial proteins like cytochrome c and PTPC com-
ponents including VDAC and ANT, which play a key role
in mammalian PCD, are conserved across plant and animal
kingdoms. However, despite the similarities in the initia-
tion and degradation phases between animal and plant
PCD pathways, very little is known about the execution
phase of plant PCD. In elucidating biochemical and
genetic regulation of plant cell death, it would be useful
to know the extent of homology the execution phase may
share with the more extensively studied animal PCD.
Interestingly, VDAC gets overexpressed during the hyper-
sensitive response in plants [28]. We have used the Jurkat
T-cell line to investigate the capability of a rice VDAC toinitiate apoptotic death, so as to get insights into the
possible role(s) of VDAC during plant PCD. These studies
have been extended to examine the role of VDAC and
ANT in apoptotic DNA damage induced by heat stress in
cucumber cotyledons.2. Materials and methods
2.1. Cells and reagents
Jurkat (a T lymphoblastoid line), Jurkat stably transfected
with Bcl-2 (Jurkat-Bcl-2) and HeLa (an epithelial cell line)
were used in the experiments. Cells were maintained in
complete medium (RPMI-1640 or DMEM supplemented
with 10% heat inactivated FCS, 100 IU/ml penicillin and
100 Ag/ml streptomycin). Antibody to cytochrome c was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). 4,4V-Diisothiocyanatostilbene-2,2V-disulfonic acid
(DIDS), cyclosporin A (CsA) and Hoechst 3342 were
obtained from Sigma (St. Louis, USA). Bongkrekic acid
(triammonium salt) and NPPB were obtained from Calbio-
chem (San Diego, USA). Anti-Fas (Clone CH 11) was
obtained from Upstate Biotechnology (MA, USA). 3,3-
Dihexyloxacarbocyanine iodide (DioC6), MitotrackerRed
and LysotrackerRed were obtained from Molecular Probes
(Eugene, OR, USA). Recombinant human TNF was
obtained from R&D Systems (MN, USA).
2.2. Plasmids and transient transfection
The GFP plasmid, pEGFPN1, was obtained from Clon-
tech (Palo Alto, CA, USA). osVDAC4–pBS was a gift from
Prof. Usha VijayRaghavan. hVDAC1–pBS was a gift from
Prof Mike Forte. HxKII–VRM was a gift from Prof John
Wilson. osVDAC4 mammalian expression construct was
generated by cloning osVDAC4 in pcDNA3 (Invitrogen,
AL) between BamH1 and Xho1 sites. hVDAC1 mammalian
expression construct was generated by cloning hVDAC1 in
pcDNA3 between BamH1 and Xho1 sites.
For the osVDAC4–GFP fusion construct, the osV-
DAC4 gene lacking a stop codon was PCR amplified
from osVDAC4–pBS construct using an upper primer
incorporating a XbaI site and a lower primer with an
XhoI site. The PCR-amplified osVDAC4 gene was cloned
between the NheI and XhoI sites of the pEGFPN1 vector.
A total of 3–5 106 cells were transfected with various
amounts of plasmids by electroporation at 250 mV and
960 AF as previously described [45]. The total amount of
DNA across all transfection groups in an experiment was
kept constant and was adjusted, when required, by addi-
tional amounts of the pEGFP-N1 or pEGFP-C3 plasmid.
Electroporated cells were cultured in 35-mm petri dishes
[1106/ml]. DNA used for the transfection and the
duration of the experiments are specified in the legends
of the figures.
Fig. 1. Effect of Bcl-2 on hVDAC1- and osVDAC4-induced apoptotic
nuclear damage in Jurkat cells. (A) Jurkat-Neo and Jurkat-Bcl-2 cells were
co-transfected with osVDAC4–pCDNA3 (6 Ag) and pEGFP-N1. Cells
were scored for apoptotic nuclear damage 8 h after transfection (n= 4). (B)
Jurkat cells were co-transfected either with hVDAC1–pCDNA3 (6 Ag) and
pEGFP-C1 or with hVDAC1–pCDNA3 (6 Ag), Bcl-2 and pEGFP-C1.
Cells were scored for apoptotic nuclear damage 8 h after transfection
(n= 3).
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Jurkat cells were transfected with osVDAC4–pEGFPN1
alone or along with Bcl-2. Six hours after transfection, cells
were stained with 20 nM MitotrackerRed or 50 nM Lyso-
trackerRed for 15 min according to manufacturer’s instruc-
tions. Localization studies were done by using a confocal
laser microscope (Bio-Rad, CA, USA) with appropriate
filter settings.
2.4. Assays for apoptotic damage and mitochondrial
transmembrane potential
Nuclear damage was assessed using Hoechst 33324 by
fluorescence microscopy as described earlier [46]. In case of
cotransfections of different constructs with GFP, GFP-pos-
itive cells were viewed under a blue filter and nuclear
morphology of GFP positive cells was scored using the
UV filter. Cells lysis was quantitated by flow cytometry
using propidium iodide. DiOC6 staining and analysis were
done as described earlier [46]. All flow cytometric analyses
were performed on a Becton Dickinson FACS (Becton
Dickinson, Mount View, CA, USA).
2.5. Assessment of cytochrome c release
Jurkat cells (1107) were washed with PBS and incu-
bated in 200-Al ice-cold buffer containing 250 mM sucrose,
20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 17 Ag/ml PMSF, 8 Ag/ml
aprotinin and 2 Ag/ml leupeptin (pH 7.4) for 30 min on ice.
The cells were homogenized with a glass-teflon Potter-
Elvehjem homogenizer and the homogenate centrifuged
for 10 min at 900 g to remove whole cells and nuclei.
The supernatant was centrifuged for 20 min at 10,000 g to
pellet the mitochondrial fraction. The resulting supernatant
was recentrifuged for 60 min at 100,000 g to separate the
membrane fraction in the pellet and cytosolic supernatant.
The total amount of protein in mitochondrial and cytosolic
fraction was estimated using Bradford method. Equal
amounts of protein were loaded across the cytosolic fraction
and across the mitochondrial fractions on 15% polyacryl-
amide gels. Approximately 20% of total cytosolic fraction
available was loaded on the gel. Western blot analysis,
probing for cytochrome c, was carried out as previously
described [47].
2.6. Heat treatment and genomic DNA laddering and cell
lysis analysis of cucumber cotyledons
Cucumber (Cucumis sativus) seeds were grown in dark at
30 jC. Six-day-old cotyledons were excised and incubated
for 1 h in plain distilled water or with DIDS (1 mM) or with
CsA (1 AM), in 35-mm petri dishes. After the pretreatment
cotyledons were transferred to glass tubes and incubated at
25 jC, for control, or at 55 jC, for 15 min. Following thistreatment, cotyledons were incubated in the dark, for vari-
ous time durations, in the absence or presence of DIDS (1
mM) and CsA (1 AM). After incubation cotyledons were
snap-frozen in liquid nitrogen and stored at  80 jC until
processed further for genomic DNA extraction.
Genomic DNA extraction was carried out as described
previously [48]. For internucleosomal cleavage analysis, 10
Ag of genomic DNA from each sample was loaded on a 2%
(w/v) agarose gel cast in TAE with ethidium bromide and
run at 3 V/cm for 2 h. After electrophoresis, the gel was
observed using a UV trans-illuminator and imaged with a
gel documentation system.
For cell lysis analysis, cotyledons were incubated over-
night in lactogycerol containing 0.01% trypan blue (Gib-
coBRL). Cotyledons were then cleared with plain
lactogycerol and observed under bright-field illumination
at 4 magnification. Images were recorded on a CCD
camera.
3. Results and discussion
3.1. A rice VDAC induces apoptotic death in mammalian
cells
Heterologous expression of a rice VDAC, osVDAC4, in
the Jurkat T-cell line results in cell death characterized by
nuclear fragmentation (Fig. 1A). A complement of Bcl-2
expressed in these cells blocked the mortality (Fig. 1A),
suggesting that the death program induced by osVDAC4
can be regulated by Bcl-2. Overexpression of human
VDAC, hVDAC1, also results in cell death which can be
prevented by Bcl-2 (Fig. 1B).
Under the same experimental conditions, overexpression
of osVDAC4 is more toxic than hVDAC1. This might be
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the mitochondrial protein incorporation machinery. Alter-
natively, it could be due to differences in the amounts of
proteins expressed off identical quantities of transfected
DNA. Overexpression of the two proteins in HeLa cells did
not result in significant mortality (data not shown), consis-
tent with the observation that overexpression of a rat
VDAC1 in HeLa cells renders the cells hypersensitive to
apoptotic stimuli but does not induce apoptosis on its own
[29].
Inhibition of osVDAC4-induced apoptosis by Bcl-2 is
consistent with a mitochondrial site of action. The localiza-
tion of the protein was studied using a GFP-tagged version
of osVDAC4. Fig. 2 shows that fluorescence from the
fusion protein is found either diffusely distributed through-
out the cytoplasm (Fig. 2A), or localized to puncta (Fig. 2B
and C), which also stain with MitotrackerRed, which stains
mitochondria (Fig. 2E and H) but not with LysotrackerRed,
which stains lysosomes (Fig. 2F and I). Half of the express-
ing cells show diffused distribution of the fusion proteinFig. 2. Distribution of osVDAC4–GFP in Jurkat cells co-transfected with osVDA
were stained with MitotrackerRed (D and E) or with LysotrackerRed (F) and wewhile fluorescence in the remainder is punctate. VDAC is a
nuclear-encoded protein which is known to be synthesized
on cytoplasmic ribosomes and chaperoned to the mitochon-
drion [30]. Hence, both cytoplasmic and mitochondrial
localizations of the protein are expected. Overexpression
of mammalian VDAC fused to GFP in HeLa cells also
shows a similar distribution pattern [29].
Mitochondrial localization of osVDAC4–GFP results in
apoptosis. Close to 70% of such cells show nuclear frag-
mentation (Fig. 3). The toxicity of osVDAC4–GFP is
dramatically reduced by co-expression with Bcl-2 (Fig. 3).
Cells with a diffused distribution of osVDAC4–GFP show
a minimal level of apoptosis ( < 10%, data not shown).
Nuclear damage caused by osVDAC4–GFP is also
inhibited by DIDS, which is known to block the conduc-
tance of VDAC in electrophysiological experiments [31].
DIDS modifies reactive lysine residues in proteins and is
known to affect the activity of a number of transporters,
including chloride channels. However, 5-nitro-2-(3-phenyl-
propylamino)-benzoic acid (NPPB), which blocks chlorideC4–GFP and Bcl-2. Jurkat cells expressing osVDAC4–GFP (A, B and C)
re checked for colocalization (G, H and I).
Fig. 3. Regulation of osVDAC4–GFP-induced apoptosis. Effect of Bcl-2
(3 Ag), DIDS (1 mM), CsA (1 AM) and NPPB (1AM) on apoptosis induced
by osVDAC4–GFP. Jurkat cells were transfected with osVDAC4–
pEGFPN1 alone or along with Bcl-2. Cells transfected with osVDAC4–
GFP alone were treated with DIDS, CsA or NPPB. Cells showing mito-
chondrial localization of GFP were assessed for apoptotic nuclear damage
after 6 h (n= 5).
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osVDAC4, indicating that DIDS does not abrogate the cell
death program by blocking these channels. The death
program induced by osVDAC4 thus has the hallmarks of
apoptosis.
3.2. PTPC and apoptosis in Jurkat cells
Apoptotic pathways can be broadly divided into two
main classes: those mediated by cell surface receptors and
those that converge on the mitochondrion. The role of the
mitochondrion in receptor-mediated apoptosis is primarily
amplification of the apoptotic cascades in cells which are
already committed to a death program. Thus, blocking
signaling events involving mitochondria does not abrogate
these programs. Many other stimuli, however, converge on
the mitochondrion, which serves as an integrative decision
point releasing apoptogenic proteins from the intermem-
brane space if the decision is to die. Blocking release of
intermembrane proteins in these pathways prevents the
activation of apoptotic cascades.
VDAC in mammalian cells has been implicated in the
release of intermembrane proteins and subsequent cell
death [16]. The mechanism of this release is presumed
to involve the PTPC. Opening of the pore requires ANT
to transform from a carrier, which exposes binding sites
for adenine nucleotides alternately to the matrix and the
intermembrane space, to a pore, which provides a contin-
uous conduit between these two compartments. Cyclo-
philin D assists the carrier-to-pore transition of ANT.ANT and VDAC associate to form a continuous pore
connecting the matrix to the cytoplasm, leading to osmotic
swelling of the matrix. Matrix swelling results in unfold-
ing of the highly involuted inner mitochondrial membrane
with consequent rupture of the outer membrane. The
process is characterized by swelling and loss of mitochon-
drial membrane potential. The MPT can thus be prevented
by blockers of VDAC in the outer membrane or by
preventing the carrier-to-pore transition of the ANT.
Cyclophilin D, with its peptidyl-proline isomerase activity
[33], facilitates this conversion, probably by catalyzing
cis– trans isomerization around a critical Pro residue.
Inhibitors of cyclophilin D such as cyclosporin A (CsA)
thus inhibit PT pore formation, while bongkrekic acid
(BA) stabilizes the ADP-bound carrier state of ANT with
respect to the pore state [34].
By using inhibitors targeting different components of
PTPC, it is possible to dissect the pathway to understand
the role of individual components during apoptosis. In
Fig. 4, we have treated Jurkat cells with anti-Fas (filled
squares), etoposide (open circles), tumour necrosis factor
(TNF) + cyclohexamide (open squares), hydrogen perox-
ide (H2O2) (filled triangles), UV irradiation (filled circles)
or staurosporine (STS) (inverted filled triangles) all of
which induce apoptotic nuclear damage. The damage
induced by H2O2 and TNF + cyclohexamide can be
abrogated by preventing the carrier-to-pore transition in
ANT using either cyclosporin A (CsA) (Fig. 4B) or
bongkrekic acid (BA) (Fig. 4C). Blocking VDAC with
DIDS was equally effective (Fig. 4A), indicating that
both inner and outer mitochondrial membrane transporters
in the PTPC were required to initiate the death program.
Nuclear damage induced by anti-Fas or etoposide, on the
other hand, was insensitive to both DIDS and CsA (Fig.
4A and B), indicating that the death programs that were
initiated were not dependent on mitochondrial membrane
permeabilization.
Nuclear damage induced by STS and UV-irradiation
displays differential sensitivity to blockers (Fig. 4A–C).
While DIDS effectively abrogated the death (Fig. 4A), CsA
(Fig. 4B) and BA (Fig. 4C) were ineffective. The chloride
channel blocker, NPPB, was ineffective in blocking the
death induced by etoposide or STS (Fig. 4D). The process
thus appears to require permeabilization of the OMM, but
not the inner membrane. We have chosen to investigate
STS-induced death in greater detail as a mechanism with a
VDAC involvement.
3.3. STS-induced apoptosis in Jurkat cells
Apoptotic pathways mediated by mitochondrial proteins
are characterized by the release of intermembrane proteins
into the cytosol followed by DNA damage and cell lysis.
Jurkat T-cells normally have very little cytochrome c in their
cytosol and almost all of the protein is localized in their
mitochondria (Fig. 5A). Stimulation with STS results in a
Fig. 4. Effect of DIDS, CsA, BA and NPPB on apoptosis induced by a
variety of stimuli. (A) Effect of DIDS on apoptosis induced by etoposide
(5 Ag/ml, open circles), Fas (10 ng/ml, filled squares), TNF (5 ng/ml) +
cyclohexamide (100 ng/ml, open squares), H2O2 (50 AM, filled triangles),
STS (100 ng/ml, inverted filled triangle) and UV irradiation (filled circles)
(n= 4). (B) Effect of CsA on apoptosis induced by etoposide (5 Ag/ml,
open circles), Fas (10 ng/ml, filled squares), TNF (5 ng/ml) + cyclohex-
amide (100 ng/ml, open squares), H2O2 (50 AM, filled triangles), STS
(100 ng/ml, inverted filled triangle) and UV irradiation (filled circles)
(n= 4). (C) Effect of BA on apoptosis induced by TNF (5 ng/ml) + cyclo-
hexamide (100 ng/ml, open squares), STS (100 ng/ml, inverted filled triangle)
and UV irradiation (filled circles) (n= 3). (D) Effect of NPPB on apoptosis
induced by etoposide (5 Ag/ml, open circles) and STS (100 ng/ml, inverted
filled triangle) (n= 3).
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cytosol over a period of 2.5 h (Fig. 5A). This release is
essentially completely abolished by DIDS. At this time very
little death, assayed in terms of DNA damage or cell lysis, is
observed (data not shown). Eighteen hours after stimulation,
around 80% of STS-stimulated cells exhibit both DNA
damage and cell lysis (Fig. 5B). Both phenotypes are effec-
tively blocked by DIDS, whereas neither is substantially
affected by CsA (Fig. 5B). Death induced by STS in Jurkat
cells stably expressing Bcl-2 is significantly lower than in
cells expressing only the neomycin resistance gene (Fig. 5B).
Formation of the PTP or permeabilization of the inner
mitochondrial membrane results in depolarization of the
mitochondrial inner membrane potential. The transmem-
brane electrical potential across the inner mitochondrialmembrane can be probed using the potential-sensitive
fluorescent dye DiOC6 [35]. The fraction of cells exhibiting
low DiOC6 fluorescence was not significantly affected by
stimulation with STS at a 2.5-h time point, while over 50%
of the cells were affected 4 h after stimulation. This collapse
of the membrane potential was completely blocked by DIDS
(Fig. 5C).
Loss of mitochondrial membrane potential could arise
either due to cessation of oxidative phosphorylation fol-
lowing the release of cytochrome c into the cytosol or due
to permeabilization of the inner membrane. At the 2.5-
h time point, cytochrome c had been released into the
cytosol of STS-treated cells, without any concomitant loss
of mitochondrial membrane potential (Fig. 5). Both the
release of cytochrome c and the subsequent depolarization
of the mitochondria are effectively blocked by DIDS (Fig.
5). It would thus appear that depolarization of the mito-
chondrion in this case is a consequence of processes
triggered by the proteins released from the intermembrane
space prior to the 2.5-h sampling point.
3.4. The use of DIDS to probe VDAC function
Investigating the role of VDAC in cellular processes is
complicated by the lack of specific high affinity toxins.
DIDS [31] and Koenig’s polyanion [36] are the only ligands
reported to block the pore and neither fits the bill. The
possibility of the reagent affecting the apoptotic process by
modifying proteins other than VDAC needs to be addressed
on a case-by-case basis. Figs. 3 and 4 demonstrate that
another known target of DIDS, the chloride channel, is not
responsible for the apoptotic effects of a range of stimuli.
Further, downstream effector cascades, which are presum-
ably utilized by both mitochondrial and non-mitochondri-
ally mediated pathways, are unaffected by DIDS as seen by
its inability to block apoptosis induced by anti-Fas and
etoposide (Fig. 4A).
Apart from the chemical inhibitors, hexokinase (HxK)
also modulates VDAC activity. In mammalian cells several
isoforms of hexokinases are present. Hexokinase Type I
isoform (HxKI) and Type 2 isoform (HxKII) are primarily
mitochondrial [37,38]. Hexokinase docks on to the cytosolic
surface of the OMM mainly by binding to VDAC [38].
Overexpression of mitochondrial HxKs reduced apoptosis
induced by different stimuli presumably by modifying
VDAC function [39,40]. In isolated mitochondria HxKII
interferes with Bax-VDAC interaction thereby inhibiting
cytochrome c release [40]. Overexpression of HxKII in
Jurkat inhibits STS-induced apoptosis (Fig. 5D), consistent
with the involvement of VDAC in the process. Hexokinase,
however, is not a specific blocker of VDAC and is also a
major glycolytic enzyme. While overexpression of hexoki-
nase could perturb the physiology of the cell, its over-
expression in Jurkat cells does not result in any toxicity.
The only specific blockers of VDAC are antibodies
raised by Shimizu et al. [16]. These antibodies block death
Fig. 5. Effect of inhibitors on staurosporine (STS)-induced apoptosis and cytochrome c release. (A) Presence of cytochrome c in the cytosol and mitochondria
upon treatment with STS (500 ng/ml, 2.5 h) or STS+DIDS (500 AM). Mitochondrial and cytosolic fractions were prepared and probed with anti cytochrome c
antibody on Western blots (n= 5). Blots were reprobed by total p38-MAPK for loading control. (B) Jurkat cells were treated with STS (100 ng/ml) in the
absence or presence of DIDS (500 AM) or CsA (1 AM) (n= 5). Jurkat Bcl-2 cells were also treated with STS (100 ng/ml) in the fourth group (n= 3). All groups
were scored for apoptotic nuclei (hatched bars) and cell lysis (black bars) after 18 h. STS untreated cells were also scored for DNA damage (gray bars) and cell
lysis (open bars). (C) Cells were treated with STS (500 ng/ml) and/or DIDS. Cells were stained with DiOC6 for analysis of mitochondrial transmembrane
potential. (D) Effect of HxKII on STS-induced apoptosis. Jurkat cells were transfected with either pEGFP-C3 alone or along with HxKII. Twelve hours post
transfection, cells were treated with STS (100 ng/ml) and scored for apoptotic nuclear damage after 4 h (n= 3).
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does not affect etoposide-induced death in Jurkat cells (Fig.
4). In HeLa cells, however, DIDS blocks both STS- and
etoposide-induced nuclear damage in a dose-dependent
manner (Fig. 6). This difference in sensitivity to inhibitors
indicates that the apoptotic pathways initiated by etoposide
in the two cell lines are different.
DIDS thus has a similar spectrum of inhibiting apoptosis,
as does the VDAC antibody. While it is not specific to
VDAC, other proteins that it could affect appear not to be
involved in the effector machinery. It can thus be used, with
caution, to dissect mitochondrial pathways of cell death.
Release of intermembrane proteins without massive per-
meabilization of the inner mitochondrial membrane wouldrequire a significant increase in the porosity of the outer
membrane. VDAC closure resulting in reduced nucleotide
exchange between mitochondria and cytosol appears to lead
in to apoptotic cascades in some pathways [39]. On the
other hand, release of intermembrane contents requires
either MPT or permeabilization of OMM. PTP formation
involves VDAC, presumably in its higher conductance state.
OMM permeabilization has been implicated in several
studies [15–17,41], and modulation of VDAC function is
a prime candidate for permeabilization of the OMM [15–
17,40]. The increase in permeability could be a result of the
formation of higher conductance channels. Interaction of
Bax with VDAC makes the OMM permeable for cyto-
chrome c [14,16,40]. This process can be inhibited by
Fig. 7. Effect of DIDS (1 mM) and CsA (1 AM) on heat shock-induced
internucleosomal genomic DNA fragmentation and cell lysis in cucumber
cotyledons. (A) Genomic DNA from each sample was loaded on 2% (w/v)
agarose gel containing 10 ng/ml ethidium bromide, along with 100-bp
DNA ladder (M). The arrows indicate the internucleosomal DNA fragments
(n= 4). (B) Cotyledons stained with trypan blue. Arrows indicate patches of
lysed cells (n= 3).
Fig. 6. Effect of DIDS in HeLa cells. HeLa cells were treated with either
etoposide (100 Ag/ml) or with STS (500 ng/ml) in the absence or presence
of DIDS (1 mM and 2 mM) and scored for apoptotic nuclear damage after
10–12 h (n= 3).
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HxKII [40]. Interestingly, Bax and VDAC together form
high-conductance channels in artificial membranes [13].
Another pro-apoptotic, Bcl-2 family protein, truncated C
terminus Bid (tcBid) is also suggested to interact with
VDAC to form novel pores in the OMM [42]. Inhibition
of apoptosis by DIDS might be a result of its interference in
the interaction between VDAC and Bax-like proteins or in
structural alterations within VDAC, which may be required
for cytochrome c release. Taken together, the inhibition of
apoptosis by DIDS and HxKII strongly indicates a role for
VDAC in the permeabilization of the OMM.
Recent reports indicate formation of megachannels in the
outer membrane specifically induced by apoptotic stimuli
[17,43]. The involvement of VDAC in these pores remains
to be resolved: the pores induced by Bax in yeast mito-
chondria are present even in the absence of VDAC1 [43] but
have electrophysiological characteristics very similar to
those reported for VDAC in the presence of Bax in planar
membranes [13]. The composition and regulation of these
megachannels remain to be resolved, and specific blockers
will help in this elucidation.
3.5. VDAC involvement in programmed cell death in
cucumber cotyledons
Pathways of programmed cell death in plants are not as
well understood as in animal systems such as mammals,
worms and flies. The best characterized pathways are the
responses to biotic and abiotic stresses—specifically the
hypersensitive response to pathogen attack and the
responses to oxidative and temperature stresses [44]. Heat
shock to cucumber cotyledons results in PCD characterized
by internucleosomal DNA laddering, and cytochrome crelease, indicating mitochondrial involvement in the process
[22].
Our results indicate that a plant VDAC can participate in
an apoptotic pathway when expressed in mammalian cells
(Figs. 1 and 3). We have therefore checked for involvement
of VDAC and PTPC in heat-induced cell death in cucumber
cotyledons by using DIDS and CsA.
We have used internucleosomal genomic DNA laddering
and cell lysis as two readouts for assessing heat-induced
PCD in cucumber cotyledons. Cell lysis can be probed by
staining with trypan blue, which selectively accumulates in
the lysed cells.
In cucumber cotyledons heat shock (55 jC, 15 min)
induces internucleosomal genomic DNA laddering (Fig.
7A) as well as cell lysis (Fig. 7B, 55 jC). Both the
A. Godbole et al. / Biochimica et Biophysica Acta 1642 (2003) 87–96 95phenotypes are substantially reduced on the treatment with
either DIDS or CsA (Fig. 7A and B), suggesting a PTP-
induced initiation process. Since the process can be abrogat-
ed by either DIDS or CsA, the complete PT pore needs to be
formed, connecting the matrix to the cytosol.
4. Conclusions
We have investigated the role of the VDAC in processes
leading to cell death in animal and plant cells. A rice
VDAC, osVDAC4, is targeted to mitochondria in Jurkat
T-cells and initiates a program of cell death that has all the
hallmarks of apoptosis. The death program can be blocked
by the lysine-modifying reagent DIDS, which appears to
abrogate apoptosis largely by modifying VDAC function.
Hexokinase, which interacts with VDAC on the OMM
surface, also ameliorates STS-induced apoptosis. DIDS
and CsA, in turn, have been used to establish that cell death
induced by heat treatment of cucumber cotyledons requires
the formation of a PTP connecting the matrix to the cytosol,
and involving the VDAC. The VDAC is thus shown to be a
conserved component of death pathways operating in both
animal and plant systems.Acknowledgements
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